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Study  region:  The  source  region  of  the  Yellow  River  (SRYE)  in  the  northeastern  Tibetan
Plateau.
Study  focus:  The  spatial-temporal  changes  of hydrological  and  meteorological  variables  and
their  linkages  over  the  SRYE  were  investigated  for 1961–2013.  Meanwhile,  we  quantiﬁed
the  impacts  of  precipitation  and  evapotranspiration  on  hydrological  changes  through  cli-
mate elasticity  by applying  a  land  surface  hydrological  model.  Furthermore,  the impacts  of
warming  climate  on  the  seasonal  snow  cover  and  spring  ﬂow  over  the  SRYE  were  examined.
New hydrological  insights  for the region:  Decreased  precipitation  and lightly  increased
evapotranspiration  both  contributed  to  reduced  runoff  in  the  1990s,  with  the  decreased  pre-
cipitation playing  a more  important  role  (70%)  than  the  increased  evapotranspiration  (30%).
In the  2000s,  precipitation  contributed  3%  to  the  runoff  reduction,  while  the  increased  evap-
otranspiration  accounted  for  97%.  Along  with  rapid  warming,  evapotranspiration  is  playing
an increasingly  important  role  in affecting  runoff  changes  in  the  SRYE.  During 2001–2012,
snow  cover  in May  decreased  over  the  region.  Spring  peak  ﬂow  mainly  caused  by snowmelt
occurred  earlier  for about  15 days  at  the  Jimai  hydrological  station  due  to an  earlier  snow
melt associated  with  the  climate  warming  in  the  past  3 decades.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The Yellow River originates from the Tibetan Plateau (TP), and ﬂows across eight provinces from west to east across China
(Fig. 1). It is 5464 km long with a basin area of 752,443 km2, the sixth longest river in the world and the second in China
(Fu et al., 2004). The Yellow River plays an important role not only in the water supply for 107 million people (Wang et al.,
2006) but also in the agricultural production in China because 13% of the countries’ total cultivated area depends on the
water resources from this basin (Cai and Rosegrant, 2004). The drainage area upstream of the Tangnaihai (TNH) hydrological
station (Fig. 1), located in the northeast of the TP, is generally considered as the source region of the Yellow River (SRYE)
basin. The SRYE is the “water tower” of the Yellow River basin since it contributes about 35% of total annual runoff from
∗ Corresponding author at: Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese
Academy of Sciences, Beijing, China.
E-mail address: fgsu@itpcas.ac.cn (F. Su).
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2214-5818/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Location and topography of the source region of the Yellow river (SRYE). Red triangles denote discharge stations. From up to downstream, these
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Sre  Huangheyan (HHY), Jimai (JM), Maqu (MQ) and Tangnaihai (TNH) stations, respectively. Black points represent meteorological stations. Mean annual
recipitation contours (mm) are also indicated. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
f  this article.)
bout 16% of the basin area (Lan et al., 2010b). Therefore, it is of vital importance in meeting downstream water resources
equirements (Zheng et al., 2007).
Similar to other regions, climate change is taking place in the Yellow River basin (Wang et al., 2014; Yang et al., 2004;
hao et al., 2007). Studies of long term climatic records suggested a noticeable warming trend of 0.31–0.35 ◦C/10yr over the
RYE in the past 5 decades (Cuo et al., 2013; Hu et al., 2011; Lan et al., 2010b). No signiﬁcant long-term trends have been
bserved in the basin-wide precipitation (Hu et al., 2012), although large decadal and spatial variations in precipitation exist
n this region (Lan et al., 2010b; Zhou and Huang, 2012). Along with the changing climate, mean annual ﬂow at the TNH
as decreased in the past 50 years (Cuo et al., 2013; Hu et al., 2011; Lan et al., 2010b; Li et al., 2012). It has been noted that
he ﬂow in the 1990s suffered a serious decrease in this region (Chen et al., 2007), accompanied with an increase in the
umber of zero-ﬂow days at the most upstream gauging site—the Huangheyan (HHY, Fig. 1) station (Zhang et al., 2004a).
ttempts have been made to understand the causes of the changes in streamﬂow over the SRYE (Cuo et al., 2013; Hu  et al.,
011; Lan et al., 2010a; Zhao et al., 2009; Zhou and Huang, 2012). It is generally recognized that the hydrological changes are
ostly attributed to climate change and climate variability. Studies show that changes in seasonal and spatial distribution
f precipitation played an important role in regional hydrology (Hu et al., 2011; Lan et al., 2010a; Zhou and Huang, 2012).
owever, it is still not clear to what extent precipitation and the climate warming affected the streamﬂow regimes over the
egion.
Through statistical analysis, Hu et al. (2011) suggested that decreased precipitation in the wet  season and rising tempera-
ure over the period 1959–2008 may  be responsible for the general ﬂow reduction over the SRYE. Sato et al. (2008) developed
 new hydrological model to investigate the water balance of the SRYE basin during 1960–2000. Although an increase in
vapotranspiration was detected, they concluded that the decrease in precipitation was  the main factor for the decrease
n river discharge. Zhou and Huang (2012), using a point scale land surface model and surface meteorological observations
or 1960–2006, investigated the inﬂuences of climatic changes on the water budget over the SRYE. Their results suggested
hat the changes in spatial precipitation pattern was  an important factor for streamﬂow changes. In addition, increase in
vapotranspiration due to rising temperature was another cause for runoff decrease.
Although hydrologic response to climate changes over the SRYE has been intensely discussed, most of the investigations
ocused on statistical analyses of the long-term trends in precipitation, temperature and runoff (Hu et al., 2012, 2011; Zhao
t al., 2007; Zheng et al., 2007). Few studies quantitatively examined physical mechanisms and processes of hydrological
hanges and variations (Cuo et al., 2013; Zheng et al., 2009). Furthermore, most studies focused on change detections at
ndividual stations in a basin or region (Hu et al., 2012; Wang et al., 2014; Zhou and Huang, 2012), rather than spatial
nalyses over the basins. The causes for discharge changes over the SRYE seem controversial. Thus, a comprehensive study
o quantify temperature and precipitation changes and their impacts on streamﬂow changes over time and space is necessary.
Rising temperatures may  lead to earlier snow melt and runoff over the cold regions (Barnett et al., 2005; Stewart, 2009).
now melt contributes 40% of spring runoff (Lan et al., 1999) and 5–13% of annual runoff (Cuo et al., 2013) in the SRYE. It
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is therefore important to understand how snowcover and snow melt runoff responded to climate warming in this region.
Studies on snow cover in the TP exist (Qin et al., 2006; Zhang et al., 2004b), but only few focused on the source region of the
Yellow River (Lu et al., 2009; Yang et al., 2007).
In this work, we provided an update on the impacts of climate change to the hydrology of the SRYE during 1961–2013. We
applied a large scale land surface hydrology model to quantify evapotranspiration changes. The speciﬁc objectives are: 1) to
investigate the spatial-temporal changes of runoff, precipitation and temperature, as well as the linkage between runoff and
climate variables; 2) to quantify the impacts of precipitation and temperature variations on the hydrological changes through
climate elasticity by applying the land surface hydrological model; and 3) to examine the impacts of climate warming on
the seasonal snow cover and spring ﬂow over the SRYE.
2. Study area
The SRYE, located in the region between 95◦50′E–103◦30′E and 32◦N–35◦40′N (Fig. 1), has an area of 121,972 km2, and
annual runoff of 2.04 × 1010 m3, accounting for 34.5% of total annual runoff of the Yellow River basin. It originates from the
Bayan Har mountains, with the altitude ranging between 2680 m and 6248 m above sea level and decreasing towards the
east. The land surface in this region is characterized by glaciers, snow, lakes and frozen soils. The vegetation type is mostly
grassland, covering 80% of this region (Zheng et al., 2009). The highest elevation is found at the Anyemaqen Mountains, with
permanent snow cover and 58 glaciers, accounting for 95.8% of total glacier areas (134 km2) over the SRYE. Since glacier
occupies only about 0.11% of the basin (Zhang et al., 2013), it is not considered in this work. There are four hydrological
stations in the mainstream of the SRYE: Huangheyan (HHY), Jimai (JM), Maqu (MQ), Tangnaihai (TNH) (Fig. 1). The HHY,
with mean annual runoff of 4.41 × 108 m3 (Zhang et al., 2012), contributes less than 5% of the total ﬂow at TNH. Due to small
ﬂow contribution and the missing streamﬂow data during 1969–1975, data from HHY were not used in the analysis. We
divided the SRYE into three regions, the region upstream of Jimai (JM) hydrological station, between JM and MQ (JM-MQ),
and between MQ and TNH (MQ-TNH). The region JM-MQ  (Fig. 1) is the major runoff generation area, with a runoff ratio of
0.38 and a contribution of 51% to the total ﬂow at the TNH. The regions upstream of JM and MQ-TNH are relatively dry with
runoff ratios of 0.21–0.34 and contributing 21% and 28% to the total ﬂow, respectively. There are about 5300 lakes with a
total area of 2000 km2 over the SRYE (Hu et al., 2011), of which more than 4000 lakes are located above the HHY (Li et al.,
2013). The Zaling and Eling lakes are the two largest ones, with areas of 550 km2 and 610 km2, respectively (Fig. 1) (Hu et al.,
2011). Because there are no large dams in the region and the population density is low, human activities and their impacts
to basin hydrology were not considered in this work.
The average annual precipitation over the SRYE is about 522 mm,  ranging from 350 mm in the northwest to 750 mm in
the southeast (Fig. 1). About 75–90% of precipitation falls in the wet season (June–September) due to the southeast monsoon
from the Bay of Bengal (Zheng et al., 2009). The mean annual temperature varies between −4 ◦C and −2 ◦C from the northwest
to the southeast (Hu et al., 2011). January is the coldest month, and the temperature stays below 0 ◦C from October to April;
the warmest month is July, with a mean temperature of 8.0 ◦C.
3. Datasets and methodology
3.1. Data
The daily streamﬂow data collected at the three hydrological stations (JM, MQ and TNH; Fig. 1) were obtained from the
Yellow River Conservancy Commission (YRCC). The ﬂow data are available during 1961–2009 for the JM and MQ,  and during
1961–2013 for the TNH. The daily meteorological data (1961–2013) including the maximum temperature (Tmax), the min-
imum (Tmin), temperature, precipitation and wind speed from 20 climate stations over the SRYE and the surrounding areas
(Fig. 1) were obtained from the China Meteorological Administration (CMA). The daily Tmax, Tmin, precipitation and wind
speed for these stations were interpolated to obtain 1/12◦ × 1/12◦ grids data through the inverse distance weighting method.
The temperature was adjusted for elevation by applying a common temperature lapse rate (0.6 ◦C/100 m)  for interpolation
from points to grids.
The global 8-day and 0.05◦ Moderate Resolution Imaging Spectroradiometer (MODIS) snow products (MOD10C2)
(http://nsidc.org/data/modis/index.html) during 2001–2012 were used for snow cover analysis.
The terrestrial water storage (TWS) was estimated from the Gravity Recovery and Climate Experiment (GRACE) satellite
launched in March 2002 (Tapley et al., 2004). GRACE products have shown a remarkable prospect in water mass change
(Wahr et al., 2004). There are three institutes which ofﬁcially provide GRACE products: the Center for Space Research (CSR) at
the University of Texas at Austin, GeoForschungsZentrum (GFZ) and Jet Propulsion Laboratory (JPL). The GRACE data can be
accessed from http://www.csr.utexas.edu/grace/. In this study, the GRACE RL5.0 monthly solutions from CSR for 2004–2013
were used to derive the evapotranspiration over the SRYE. The CSR products provide monthly anomalies of total TWS  at
1◦ × 1◦grids. The GRACE data have been widely used in estimating the terrestrial water storage change (TWSC) (Swenson
et al., 2006; Syed et al., 2008) and in deriving other hydrological variables (Morrow et al., 2011; Ramillien et al., 2006; Rodell
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t al., 2004). With the P, R and GRACE data, it is possible to calculate the evapotranspiration (ET) through the water balance
quation:
ET = P − R − W; (1)
here P is precipitation (mm),  R is runoff (mm),  and W (mm)  is the Terrestrial water storage change (TWSC), which is the
ifference of two sequential GRACE solutions.
.2. Hydrological model
A large-scale land surface hydrological model named as the Variable Inﬁltration Capacity (VIC) (Liang et al., 1994, 1996;
ohmann et al., 1998) has been used in this work. The VIC model, a grid-based land surface model, parameterizes the dominant
ydrometeorological processes taking place at the land surface-atmosphere interface. The model solves both water and
nergy balance for individual grid cells. A mosaic representation of land cover and the variable inﬁltration capacity curve
ccounting for subgrid heterogeneity in saturated extent are used in the VIC model. Through a channel network, surface
unoff and base ﬂow for each grid cell are routed to the basin outlet (Lohmann et al., 1998). The VIC model has the capacity to
imulate cold region hydrology because it adopts a two layer energy balance snow model (Cherkauer and Lettenmaier, 1999;
torck and Lettenmaier, 1999) which represents snow accumulation and ablation and a frozen soil/permafrost algorithm
Cherkauer and Lettenmaier, 1999, 2003) that solves for soil ice contents. For the VIC model, a routing scheme is used to
btain the daily simulated hydrograph at the outlets. Topography data were obtained from SRTM (resolution: 90 m × 90 m)
http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp). The DEM (digital elevation model) data were used to create the ﬂow
irection ﬁle which is needed in the routing scheme at the 1/12◦ × 1/12◦ grids.
The evapotranspiration (ET) in the VIC model consists of three components: canopy evaporation, transpiration and
vaporation from bare soils (Liang et al., 1994). The ET was  calculated as follows:
ET =
N∑
n=1
Cv [n] × (Ec [n] + Et [n]) + Cv [N + 1] × E1 (2)
here N is the land cover classes; Cv[n] is the fraction of the nth vegetation type within a grid cell, and Cv [N + 1] is the
raction of bare soil with
N∑
n=1
Cv [n] = 1. Ec [n] and Et [n] are the canopy evaporation and transpiration for the nth land cover
ype, respectively. E1 is the evaporation from bare soils. Ec, Et and E1 are estimated as a function of potential evaporation (EP)
ased on the Penman-Monteith equation and other parameters related to vegetation type and soil moisture. In this work,
vapotranspiration from the water balance Eq. (1) was  used to compare with the evapotranspiration from the VIC model.
Zhang et al. (2013) set up a modeling framework at a 1/12◦ × 1/12◦ spatial resolution over the entire Tibet plateau. In
his study, the VIC model setup for the SRYE was adopted from Zhang et al. (2013) including soil and vegetation parameters.
egetation types were obtained from the University of Maryland’s (UMD) 1 km Global Land Cover product (Hansen et al.,
000). The land cover type was considered to be ﬁxed during the model simulation period 1961–2013. Therefore, the annual
ariation of simulated ET is mostly controlled by meteorological variables.
.3. Statistical analysis
The discharge data were used to evaluate the VIC model simulations, the calibration has two  criteria: relative error (Er) and
ash-Sutcliffe efﬁciency (ENS) (Nash and Sutcliffe, 1970), which describes the prediction skill of the simulated streamﬂow
elative to the observations. The ENS and Er was computed from the following equations:
ENS = 1 −
M∑
m=1
(
Qobsm − Qsimm
)2
M∑
m=1
(
Qobsm − Q¯
)2
(3)
M∑(
Qsimm − Qobsm
)Er = m=1 M∑
m=1
Qobsm
× 100% (4)
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Table 1
Recommended statistics for simulation performance ratings (Moriasi et al., 2007).
Rating ENS Er(%)
Excellent 0.75 < ENS ≤ 1.00 | Er | < 10
Good 0.65 < ENS ≤ 0.75 10 ≤ | Er | < 15
Satisfactory 0.50 < ENS ≤0.65 15 ≤ | Er | < 25
Unsatisfactory ENS ≤ 0.50 | Er | ≥ 25
where the Qobsm means the observed monthly streamﬂow, and the Q
sim
m is the simulated discharge; Q¯ is  the observed mean
monthly streamﬂow; M is the number of months. An ENS value closer to 1 and Er closer to 0 imply better simulation results;
see Table 1 for the simulation performance ratings applied in this study (Moriasi et al., 2007).
The precipitation, temperature and runoff values were normalized by subtracting their time series mean values and
dividing by their standard deviations. Linear trend analysis through simple regression allowed us to investigate long-term
changes of the historical data. In this method, the sum of squared residuals as the difference between the observed values
and the ﬁtted values is minimized. The statistical signiﬁcance of the trends in this study was set at the 10% level.
Correlation analysis was used to examine the strength and direction of the relationship between the hydrological and
meteorological variables. The correlation coefﬁcient (r) is calculated using the Pearson method. The statistical signiﬁcance
of the correlations was again set at the 10% level.
Climate elasticity, proposed by Schaake (1990), was applied to evaluate the sensitivity of streamﬂow to climate change
(Fu et al., 2007; Sankarasubramanian et al., 2001; Yang and Yang, 2011). More speciﬁcally, the relative contribution of precip-
itation and evapotranspiration changes to runoff changes was quantiﬁed where evapotranspiration instead of temperature
was considered since evapotranspiration better represents the effects of climate change on basin water balance (Zheng et al.,
2009). On the long term, the basin water storage changes can be neglected, thus the basin water balance can be represented
as:
R = P − ET; (5)
Without considering the impacts of human activity, the changes of runoff between two periods (R) can be estimated
as:
R = RP + RET; (6)
where RP and RET are changes in runoff due to precipitation and evapotranspiration changes, respectively. R  can be
estimated as follows (Dooge et al., 1999; Liu et al., 2012):
R = RP + RET = (pP/P + ETET/ET)R; (7)
where P and ET are the changes of P and ET between two  periods. P and ET are the climate elasticity of P and ET to
runoff, which implies that 1% change in P or ET induces % change in R (Tang et al., 2013). In this study, two  periods 1990s
and 2000s relative to 1960–1990 were considered. Since streamﬂow data at the JM and MQ  were only available to 2009, we
deﬁne the period 2001–2009 as the 2000s. Eq. (7) was  set up for each period and the values for P and ET computed from
the two equation, to obtain the impact of P and ET changes on runoff.
4. Precipitation, temperature, and runoff changes
4.1. Long-term changes
Fig. 2 displays annual time series of normalized runoff, regional mean precipitation and temperature for the basins
upstream of the JM,  MQ and TNH stations during 1961–2013. Precipitation shows positive trends for all the basins (Fig. 2a–c),
with increasing rates of 8.3 mm/10yr, 1.1 mm/10yr, and 2.1 mm/10yr for the regions upstream of JM,  MQ,  and TNH, respec-
tively. However, the trends are not statistically signiﬁcant except for the basin upstream of JM.  Insigniﬁcant precipitation
changes during 1960–2006 were also suggested by Hu et al. (2012), who pointed out that annual precipitation changes over
the SRYE were not noticeable except in the upper part of the region. The entire region shows a signiﬁcant warming trend dur-
ing 1961–2013 (Fig. 2d–f), with a mean warming rate of about 0.35 ◦C/10yr. Particularly, an accelerated warming is noticed
for the recent 30 years across the SRYE. Differently from the changes in precipitation, yearly runoff shows a decreasing trend
for all the three basins, although the trends are not statistically signiﬁcant except for that at MQ (decrease by 9.2 mm/10yr).
At JM and TNH, the runoff decreases by 3.2 mm/10yr and 6.0 mm/10yr, respectively.
4.2. Decadal variationStrong decadal variations in climatic and hydrological variables over the SRYE have been suggested in previous studies,
especially a signiﬁcant decline of precipitation and discharge in the 1990s (Lan et al., 2010a; Zheng et al., 2009; Zhou and
Huang, 2012). Fig. 3 shows variations in annual runoff, precipitation and mean temperature for the three basins, along with
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Fig. 2. Annual time series of normalized basin-averaged runoff, precipitation and temperature for the basins upstream of JM, MQ  and TNH stations for the
period  1961–2013. Dashed lines are the linear trends.
Fig. 3. Annual time series of basin-averaged runoff, precipitation and temperature for the three basins during 1961–2009. Means values for the reference
period  1961–1990, and the periods 1990s and 2000s are also indicated.
72 F. Meng et al. / Journal of Hydrology: Regional Studies 6 (2016) 66–81Fig. 4. Correlation coefﬁcients between monthly runoff and precipitation (a, b) or temperature (c, d) for current month (a, c) and the relations between
current month and previous month (b, d) over the three basins for 1961–2009.
the mean values for the periods 1961–1990, 1990s and 2000s. Among these three periods, the period 1961–1990 shows the
highest runoff in all three basins; while the ﬂow dramatically decreases in the 1990s (Fig. 3a–c) accompanied by a lower
precipitation for all the basins (Fig. 3d–f). Precipitation rebounded in the 2000s and returned to a similar level as during the
period 1961–1990. However, the runoff in the 2000s did not rebound to the level as in the reference period. At the same
time, although precipitation in the 2000s was higher than that in the 1990s in all three basins, runoff was  almost the same
in the two periods except at JM with higher ﬂows in the 2000s. A continuous warming was observed for all basins during
1961–2013 (Fig. 3g–i). This result is consistent with the Intergovernmental Panel on Climate Change (IPCC) ﬁfth report,
which reveals that each of the past three decades has a higher temperature than all the previous decades in the instrumental
records (IPCC, 2013). Why  runoff did not recover during the 2000s at the MQ  and TNH stations along with the recovered
precipitation relative to the period 1961–1990, Zhou and Huang (2012) explained that the increase in precipitation mostly
occurred in the dry region of the SRYE where precipitation is mostly evaporated. We  will further discuss and quantify the
impacts of precipitation and temperature changes on runoff over the SRYE in Section 5.2.
4.3. Linkage between runoff and climate variables
Through a correlation analysis, the normalized annual time series of precipitation, temperature, and runoff (Fig. 2) reveal
that the inter-annual runoff variations are highly consistent with the precipitation ﬂuctuations (Fig. 2a–c), with correlation
coefﬁcients r of 0.75, 0.86 and 0.85 at the JM,  MQ and TNH, respectively (signiﬁcant at 10% level). The relationship between
runoff and temperature is negative, less strong and insigniﬁcant (Fig. 2d–f). The good correspondence between runoff and
precipitation variations suggests that precipitation plays a dominant role in the runoff generation over the SRYE.
Fig. 4 shows correlations between monthly runoff and precipitation/temperature with lags from 0 to 1 month. There
is a signiﬁcant positive relationship between precipitation and runoff during June–October for all the basins (r values of
0.32–0.70), with the highest correlations in June, July and September, and the lowest one in August (Fig. 4a). The strong
correlations last from summer to November at MQ and TNH (r values of 0.27 and 0.36). Fig. 4b exhibits the correlations
between runoff and precipitation in the previous month. R and Pmon-1 are positively correlated signiﬁcantly from May to
November at JM,  while it lasts from April to December at MQ and TNH. The r values are higher in August, October and
November than those with a zero lag, suggesting that runoff is inﬂuenced by precipitation not only in current month but
also previous month due to the delay of ﬂow traveling downstream. It was  also noticed that the r values between R and Pmon-1
at MQ and TNH are generally larger than those for JM during April–November (Fig. 4b), indicating that the concentration
time of streamﬂow close to the monthly scale considered for precipitation is higher downstream than upstream.
In the basin upstream of JM,  runoff and temperature in the previous month are negatively correlated during May–June
(Fig. 4d). Runoff and temperature tend to be negatively correlated at MQ and TNH, especially during April–May (Fig. 4c).
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eriod  1991–2013 (b).
trong negative relationship also exists between R and Tmon-1 during April–Jun for MQ  and TNH (negative r values in the
ange 0.31–0.62) (Fig. 4d). The reason why runoff is negatively correlated with temperature during spring and early summer
s still unknown. A signiﬁcant positive relationship between R and Tmon-1 in November is observed, with r values in the range
.33–0.41 (Fig. 4d) for all basins. The strong positive relations between runoff and temperature in the autumn may  suggest
 fast melt of snowfall to produce runoff in this period. The modeling results in Zhang et al. (2013) also suggested a snowfall
unoff peak in October over the SRYE.
. Hydrologic impacts of meteorological changes
The correlation analysis in Section 4.3 has suggested a dominant role of precipitation in runoff generation over the SRYE.
owever, the overall decreasing runoff trend over the study period was  accompanied by an overall long-term increasing
rend in precipitation (Fig. 2). This result may  imply that other factors also affect ﬂow variations. On the decadal time scales
Fig. 3), precipitation in the 2000s was 3.1% and 5.3% higher than that in the 1990s for MQ and TNH, whereas runoff was
lmost the same in these two time periods (Fig. 3b–c). This may  suggest a reduction in runoff generation. The increase
n evapotranspiration in a rapidly warming climate may  be the reason. Since actual evapotranspiration observations with
ong-term records at large scales are not available in the SRYE, we quantiﬁed the evapotranspiration changes in both time
nd space with the VIC land surface model. The VIC model was evaluated through comparisons between simulated and
bserved streamﬂow at the TNH station.
.1. Calibration and validation of hydrological model
Fig. 5 presents monthly time series of simulated and observed streamﬂow at the TNH station during 1961–2013. Regarding
he use of the hydrological model for simulating runoff changes due to changes in meteorological conditions, we split the
tudy period into calibration period (1961–1990) and validation period (1991–2013). The VIC model simulations captured
he variations and magnitude of streamﬂow well during both the calibration and validation periods (Fig. 5), with the Nash-
utcliffe efﬁciency (ENS) and relative error (Er) values of 0.90, and −1.4%, respectively in the calibration period and 0.84 and
.8% in the validation period. This performance can be classiﬁed as good for the calibration period and satisfactory for the
alidation period following the ratings in Table 1.To further investigate the reliability of the VIC simulated actual evapotranspiration, we compared the GRACE-derived
vapotranspiration (Eq. (1)) with the VIC estimates (Fig. 6). The correlation coefﬁcient between them is 0.75 and the Er is
1.1%. Given that the GRACE method is completely independent from the VIC model, the good agreement between both
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Fig. 6. Estimates of monthly actual evapotranspiration from the VIC model and GRACE data for 2004–2013.Fig. 7. Spatial distribution of mean annual precipitation, evapotranspiration and runoff in the reference period 1961–1990 (a–c), and their changes in the
1990s  (d–f) and 2000s (g–i) relative to the reference period.
actual evapotranspiration estimates suggests that the VIC simulated ET is reasonable and can be used to quantify the ET
changes over the SRYE.
5.2. Meteorological change impacts on annual runoffBased on the calibrated VIC model, we investigated the spatial changes of precipitation, runoff and actual evapotran-
spiration in response to the meteorological changes and variations over the SRYE. Fig. 7 presents the spatial distribution of
mean annual precipitation, actual evapotranspiration and runoff for the reference period 1961–1990, and their changes in
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Table  2
Precipitation (P), runoff (R) and evapotranspiration (ET) changes in the 1990s and 2000s compared with the reference period 1961–1990 for JM,  JM-MQ,
MQ-TNH and the entire SRYE.
JM JM-MQ  MQ-TNH TNH
1961–1990 427.1 682.5 482.3 525.3
P  1991–2000 415.2(−2.8%) 635.4(−6.9%) 454.4(−5.8%) 497.9(−5.2%)
2001–2009 442.8(3.7%) 637.6(−6.6%) 506.6(5.1%) 524.4(−0.2%)
1961–1990 99.3 274.3 178.2 180.8
R  1991–2000 75.7(−23.8%) 225.4(−17.8%) 133.8(−24.9%) 143.1(−20.8%)
2001–2009 88.1(−11.3%) 207.2 (−24.5%) 144.8(−18.7% 144.9(−19.9%)
1961–1990 294.8 417.9 328.1 344.3
ET  1991–2000 307.1(4.2%) 425.6(1.8%) 333.8(1.7%) 352.2(2.3%)
2001–2009 320.4(8.7%) 441.6(5.7%) 352.6(7.5%) 369(7.1%)
Table 3
Contribution of precipitation and evapotranspiration to runoff changes in the 1990s and 2000s.
Time Formula Contribution
P E
JM 1991–2000 −23.8 = 4 × (−2.8) + (−3) × 4.2 47% 53%
2001–2009 −11.3 = 4 × 3.7 + (−3) × 8.7 100%
JM-MQ  1991–2000 −17.8 = 2.09 × (−6.9) + (−1.88) × 1.8 81% 19%
2001–2009 −24.5 = 2.09 × (−6.6) + (−1.88) × 5.7 56% 44%
MQ-TNH 1991–2000 −24.9 = 2.97 × (−5.8) + (−4.51) × 1.7 69% 31%
2001–2009 −18.7 = 2.97 × 5.1 + (−4.51) × 7.5 100%
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iTNH  1991–2000 −20.8 = 2.8 × (−5.2) + (−2.72) × 2.3 70% 30%
2001–2009 −19.9 = 2.8 × (−0.2) + (−2.72) × 7.1 3% 97%
he 1990s and 2000s relative to the reference period. The data show the highest annual precipitation in the southeast of the
RYE, with a mean annual value of about 700–800 mm,  and decreasing towards the northwest, with annual precipitation as
ow as 150–250 mm in the very upstream parts of the SRYE (Fig. 7a). The spatial patterns of actual evapotranspiration and
unoff (Fig. 7b and c) generally follow that of precipitation, with the highest evapotranspiration and runoff in the southeast of
he basin where there is sufﬁcient water for evaporation. The region JM-MQ  (Fig. 7c) in the southeast is also the major runoff
eneration area (annual R of 300–500 mm)  in the SRYE. The driest area is in the upstream region of JM (annual R < 150 mm)
nd the very downstream parts of the SRYE (Fig. 7c).
Precipitation consistently decreased almost over the entire basin in the 1990s (Fig. 7d) by 2.8–6.9% relative to the reference
eriod over the three sub-regions (Table 2). The spatial pattern of runoff changes in the 1990s is similar to that of precipitation
Fig. 7f), but with a stronger decrease of 20.8% (Table 2). However, actual evapotranspiration shows positive changes in the
990s (Fig. 7e), with a mean increase of 2.3% (Table 2), which is consistent with the continuous warming in the 1990s
Fig. 3). Therefore, the decrease in precipitation and increase in evapotranspiration both contributed to the runoff decrease
n the 1990s. In the 2000s, precipitation (Fig. 7g) exhibited inhomogeneous change over the basin, with an increase in the
pstream regions of JM (3.7%) and MQ-TNH (5.1%), opposed to a decrease in the major runoff generation area for JM-MQ
6.6%). Despite these changes, precipitation almost stayed unchanged for the basin as a whole (Table 2). In the 2000s, the
attern of runoff changes differed from that of precipitation (Fig. 7g and i). Runoff decreased in the upstream parts of JM
nd MQ-TNH (11.3–18.9%) while precipitation increased, and the runoff decreased even more in the region JM-MQ  (24.5%),
eading to a mean decrease in runoff by nearly 20% over the entire SRYE. Along with the rapid warming in the 2000s (Fig. 3),
vapotranspiration largely increased in the 2000s (Fig. 7h) relative to the reference period (mean increase of 7.1%; Table 2).
esults in Fig. 7 and Table 2 also suggest that the runoff changes in the 1990s and 2000s over the SRYE are the result of both
recipitation and evapotranspiration changes associated with the warming climate. However, what is the contribution of
ach meteorological variable to the runoff changes over the SRYE?
To answer the question on the contribution of each meteorological variable to the runoff changes, we computed the
limate elasticity based on the runoff and meteorological changes in the 1990s and 2000s relative to 1961–2000 (Table 3).
he elasticity of runoff in relation to precipitation and evapotranspiration are 2.8 and −2.72 over the SRYE, respectively,
eaning that 1% increase of precipitation results in 2.8% increase of runoff, while 1% increase of evapotranspiration leads
o 2.72% decrease of runoff. In the 1990s, evapotranspiration and precipitation played a similar role in the runoff changes
or JM,  while precipitation exhibited a more important role in runoff reduction for the sub-basins between JM and TNH
69–81%; Table 3). On average, evapotranspiration increase accounted for 30% of the runoff decrease in the SRYE in the
990s (Table 3). During the 2000s, the contribution of evapotranspiration (44–100%; Table 3) to runoff changes increased
n all the basins relative to the 1990s. For the JM and MQ-TNH basins, the runoff reduction can be entirely attributed to the
vapotranspiration increase (Table 2, Table 3). For the major runoff generation area JM-MQ, precipitation still exerted an
mportant role in the runoff changes in the 2000s, with a contribution of 56% (Table 3), a little bit higher than the inﬂuence
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of evapotranspiration (44%; Table 3). For the basin average, evapotranspiration contributed 97% of the runoff changes in
the 2000s (Table 3), suggesting that the inﬂuence of evapotranspiration on the runoff is increasing along with the increased
warming over the SRYE. This may  partly explain the reason why  precipitation recovered to the level of 1960–1990 in the
2000s but runoff was still low (Fig. 3). The increased precipitation in JM and MQ-TNH mostly evaporated due to the rapid
warming in the 2000s. Another reason was that precipitation decreased in the major runoff generation area JM-MQ  in the
2000s, resulting in a larger runoff decrease accompanied with the increased evapotranspiration (5.7%; Table 2).
5.3. Meteorological change impacts on seasonal snow cover and spring ﬂow
The SRYE is extensively covered by snow with a mean annual coverage of about 18% based on the MOD10C2 data during
2001–2012 (Fig. 8). The region upstream of JM has the most extensive snow cover, with mean annual coverage of about
21%, while the JM-MQ  (16%) and MQ-TNH (14%) areas have relatively smaller coverage. The snowpack begins to accumulate
in October, with the highest concentration in the southeast of the upstream basins and the Anyemaqen mountains (Fig. 8).
The snow cover starts to melt in April and May, and mostly melts away in June except for the Anyemaqen Mountains. We
examined the trends of snow cover for each month during 2001–2012 and found that it decreased for all the basins in May  by
1.1–1.3%/yr (Fig. 9a). Fig. 9b–d present the normalized variations of temperature and snow cover in May  during 2001–2012
for the three basins. The temperature in May  exhibits a warming trend during 2001–2012 and is negatively correlated with
the snow cover variations (Fig. 9b–d), with high correlation coefﬁcients of −0.7 at JM,  −0.8 at MQ  and −0.85 at TNH.
Results in Fig. 9b–d suggest that the decrease in May  snow cover might be associated with the climate warming which
may  further affect spring streamﬂow due to snow melt. Fig. 10b–d show the mean daily streamﬂow at the three stations
JM,  MQ and TNH during the spring time (March–May) in the 1980s, 1990s and 2000s. A spring peak ﬂow caused by spring
snow melt appeared in late April to early May  at JM.  It is clearly seen that the spring peak ﬂow at JM tends to occur earlier
in the past three decades (Fig. 10b). In the 1980s, the peak occurred on May  12, whereas it happened on May  4 in the 1990s
and on April 27 in the 2000s. In the past 30 years, the timing of spring peak advanced by about 15 days at JM.  This earlier
shift can be explained by the earlier sn$ow melt due to the enhanced warming. Fig. 10a exhibits the April temperature of
each decade at JM.  The temperature was about the same in the 1960s and 1970s, while it showed a warming trend during
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Fig. 9. Trends of snow coverage in May  in the basins upstream of JM, MQ and TNH (a), and normalized snow coverage and temperature in May  during
2001–2012 in the three basins (b–d).
Fig. 10. Mean temperature of April in 5 decades at JM (a), mean daily streamﬂow at JM,  MQ and TNH during March–May in the 1980s, 1990s and 2000s
(b–d).
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the 1980s–2000s, consistent with the shift of spring peak ﬂows at JM.  For MQ and TNH (Fig. 10c–d), the spring ﬂow rises
more smoothly than at JM and seldom has clear sharp peaks during March–May. This is probably because the MQ  and TNH
areas have less snow coverage and the rainfall runoff plays a more important role in the spring and summer runoff ﬂows of
downstream areas.
6. Discussion
Our analyses suggest that, in the 1990s, runoff changes over the SRYE were caused by both decrease in precipitation and
increase in evapotranspiration, with the decrease in precipitation playing a dominate role. In the 2000s, runoff changes were
mainly caused by the increase in evapotranspiration especially in the dry regions upstream of JM and MQ-TNH (runoff ratios
of 0.21–0.34). The wide spread of lakes and wetlands at JM may  favor the increase in evapotranspiration along with climate
warming. In this work, we only took meteorological changes and variations into consideration, while the impacts of land
cover changes on runoff were not analyzed because the SRYE less affected by human activities (Cuo et al., 2013, 2015). Cuo
et al. (2013), through a modeling approach, reported that the runoff changes upstream of TNH during the past few decades
were mostly caused by meteorological changes, and the impacts of land cover changes on runoff changes were very small.
However, Zheng et al. (2009), using a climate elasticity approach, estimated that the land cover changes contributed for
more than 70% to the runoff reduction in the 1990s. The inconsistencies between our and their conclusions may  be partly
caused by the different approaches used. Studies in other basins in the Tibetan Plateau suggested that land cover change and
human activities such as surface water and groundwater exploitation, new water-related policy implementation, agricultural
production activities may  exert great inﬂuence on runoff changes (Zhang et al., 2015; Pervez and Henebry, 2015; Huo et al.,
2008). In fact, in a warming climate, the SRYE is undergoing great changes, such as wetland and frozen soil changes, as well
as lakes expansion, which may  result in land cover changes. The grassland area after 1990 decreased by about 10% relative
to the previous years, and the sandy land increased by around 4% over the SRYE (Zheng et al., 2009). Limited by the harsh
living conditions, the population size is small in this region. The urbanization and industrialization are very slow as well, thus
water abstractions have not changed too much. While the number of livestock increased threefold during 1970–2000 in the
area upstream of HHY (Wang et al., 2000), water abstractions for livestock certainly increased. Meanwhile, a hydropower
17 Km downstream of Eling lake was build in 1998 and in operation since 2001. To what extent these changes and human
activities are responsible for the decreasing runoff should be considered in the future work.
There are extensive frozen soils in the SRYE, which is essential to preserve the water resources (Li et al., 2012). Along
with the warming climate, many studies have suggested that the TP is experiencing permafrost degradation (Cheng and Jin,
2012; Cheng and Wu,  2007; Wu et al., 2007). The increase in active layer thickness of permafrost due to warmer temperature
leads to more water for evaporation and hence reduced runoff. At the same time, the gradually thicken active layer may  hold
more water in the soil layers and lead to less surface runoff. Although it is accepted that climate change is one of the major
drivers for hydrological changes, the effects of permafrost degradation on runoff processes still remain controversial. Thus,
further research is needed to explore to what extent permafrost degradation might impact runoff changes over the SRYE. In
the complex background of environment changes including climate change, land cover changes, frozen soil degradation and
human activities, soil moisture and groundwater may  also change, thus leading to different conditions of runoff generation.
The long-term linear trends of precipitation, runoff and temperature (Fig. 2) present a general temporal change of these
variables in the past 50 years. However, given the relatively short records, these also might be the inﬂuence of inter-annual
and decadal variability (Fig. 3) (Hannaford et al., 2013; Willems, 2013b). Fig. 2 clearly exhibited decadal variations in runoff
and precipitation. As shown by Willems (2013a) and Taye and Willems (2013) and others for other regions in the world,
the decadal variations might be explained by atmospheric or oceanographic oscillations such as El Nin˜o southern oscillation
(ENSO), the Paciﬁc Decadal Oscillation (PDO), the Southern Oscillation Index (SOI), the North Atlantic Oscillation (NAO), and
the Atlantic Multidecadal Oscillation (AMO). A study in the Blue Nile river basin in East Africa showed that multi-decadal
oscillations modulated the high streamﬂows and that the inﬂuence of watershed characteristics changes is very small (Taye
et al., 2015). In the SRYE, the temporal changes in runoff appear explained by both long-term trends and decadal variations
of climate.
Annual runoff and annual mean temperature were found negatively correlated over the SRYE during 1961–2009, which
is consistent with the ﬁnding of the climate sensitivity analysis with the VIC model, which showed that the increase in
evapotranspiration along with the warming climate was  the main factor for runoff decrease in the 2000s. At the annual
scale, the negative correlation between runoff and temperature was  not signiﬁcant. This is different at monthly scale, where
signiﬁcant negative correlation was found during March to June (Fig. 4c and d). In these months, the evapotranspiration may
increase due to the warming temperature, explains the drop in streamﬂow. In the wet season (July–September), there was
no signiﬁcant relationship between temperature and precipitation, because precipitation was quite high, and temperature
had a relatively small effect on the runoff changes. In spring and late summer, precipitation is not that high as in the wet
season, thus its effect on runoff is very weak, and the role of temperature on runoff is bigger relative to precipitation. This
may explain why runoff and temperature are not signiﬁcantly correlated at annual scales.The sensitivity analysis in this work assumed that runoff changes solely result from meteorological changes (precipitation
and evapotranspiration), and that their contributions to runoff changes are independent. However, precipitation impacts
evapotranspiration indirectly through soil moisture. This effect was  considered secondary and neglected, but needs further
investigation. Also further validation of the VIC model may  be useful, in order to test the validity of the model to accurately
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imulate changes in runoff as a result of meteorological changes beyond the range of meteorological conditions consid-
red during the standard model calibration and validation as considered in this study; see Refsgaard et al. (2014) and Van
teenbergen and Willems (2012) for potential methods.
. Conclusions
In this work, we have investigated the spatial-temporal changes of hydrological and meteorological variables and the
inkage between runoff and precipitation/temperature over the SRYE during 1961–2013. The impacts of precipitation and
emperature on the hydrological changes were quantiﬁed through climate elasticity by applying the VIC land surface hydro-
ogical model. The impacts of the warming climate on the seasonal snow cover and spring streamﬂow over the SRYE were
lso examined. The main ﬁndings of this study are as below:
1) During the period 1961–2013, annual precipitation over the SRYE exhibited weakly increasing trends, while the pre-
cipitation upstream of JM increased signiﬁcantly by about 8.3 mm/10yr. Temperature showed consistently warming
trends in all the basins of the SRYE with a mean warming rate of 0.35 ◦C/10yr. Meanwhile, runoff decreased at the three
hydrological stations by about 3.2 mm/10yr, 9.2 mm/10yr and 6.0 mm/10yr at the JM,  MQ and TNH stations, respectively.
2) Relative to the reference period 1961–1990, runoff decreased by about 21% in the 1990s over the SRYE. The decrease
in precipitation and the weak increase in evapotranspiration both contributed to the runoff drop in the 1990s. How-
ever, decrease in precipitation played a more important role (70%) than increase in evapotranspiration (30%) in this
runoff reduction. Runoff decreased by about 20% in the 2000s, during which precipitation contributed for 3% to the
runoff reduction, while the increase in evapotranspiration accounted for 97%. Due to strong warming over the SRYE,
evapotranspiration is playing an increasingly important role in affecting runoff changes in recent decades.
3) Analysis of the MODIS data show a decreased trend of snow cover in May  over the SRYE during 2001–2012; this change
was closely related to the strong warming temperature in the past decade. In the past 30 years, the spring peak ﬂow
mainly caused by snowmelt occurred earlier for about 15 days at the JM station. This shift in peak ﬂow timing is expected
to be due to an earlier snow melting associated with the climate warming over the SRYE.
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